This paper studies the effect of non-idealities of OP AMPs on the performance of active filters. The non-ideality is considered in terms of finite gain, finite gain-bandwidth product, slew-rate, and offset voltages. The effect of these non-idealities on active RC & switched capacitor filters is highlighted.
INTRODUCTION
Ideal OP AMP (OA) An ideal OA has the following characteristics:
1. It has infinite input impedance 2. Output impedance is zero and output voltage is independent of the current drawn from the output terminal.
Gain is infinite
4. If input voltage V is zero, than output voltage V0 is also zero.
5. It has infinite bandwidth. 6 . Characteristics do not drift with temperature. Practical 
OA
In practical OAs, all the infinite parameters and zero parameters specified above, have finite values. The equivalent circuits of an ideal and non-ideal OA are shown in Fig. 1 unable to provide sufficient current to rapidly charge capacitive loads. The slewrate also depends on the external circuitary connected to the OA. Usually, the worst case occurs when the OA is connected as a unity gain amplifier. 4 . Input bias current is finite. 5. Input offset current is finite.
Effect on Active RC Filters
Desirable features of active RC filters are independent control of pole-Q and top (pole), dependence of top on passive elements only, realization of high-Q without requiring excessive amplifier gain, and insensitivity to the OP AMP gain-bandwidth product [1, 2] .
Basic components in the design of an RC-active filter are inverting and noninverting amplifiers, integrators, and biquads. The effect of non-ideality, especially of GB and too, on these components is considered, as well as the effect of these finite parameters on various RC-active filters. Finally, effect of slew-rate is considered.
Inverting and Non-Inverting Amplifiers
The configuration of the circuit is shown in Fig. 1 In active RC-realization using more than one OA such as biquad, the effect of the output impedance will be to add additional poles and zeroes, thus affecting the performance of the filter.
Similar expressions can also be derived for non-inverting amplifiers.
It is seen that for the same ideal gain, i.e., [a[ [a[ a, the bandwidth of the inverting mode is less than that of non-inverting mode, the ratio being 2/1 + a. In particular, for unity gain, the bandwidth for the inverting mode is only half that of the non-inverting mode.
Integrators
Specifically, if the OA frequency response is taken into account, the transfer function of an integrator circuit may be expressed as
Then, the integrator Q-factor is defined as
The basic circuit for an inverting integrator is shown in Fig. 1 It is to be noted that for an ideal OA used in integrators, the real part in equation 1.3 would be zero and, hence, Q1 for such integrator will be infinite. Thus, the effect of finite GB is to make the integrator lossy.. Thomas . This is shown in Fig. 1 It is to be noted that procedures up to step (5) can be implemented on a computer.
The result will not be in the form of an expression, but a plot of the curve will result, considering the effect of non-ideality. Thus, this would be the plot of actual performance of the filter. For considering ideal performance: When an OA is overdriven by a large input signal, the output slews. It has been found that while magnitude distortion occurs in both the closed loop modes, phase distortion only occurs under closed-loop conditions. Slew-induced distortion for the low gain inverter configuration is much larger than for the inverting integrator.
If a sinusoidal input causes the output to have a maximum slope greater than the slew rate of the amplifier, the output will suffer distortion. The slew-induced distortion (SID) causes an additional phase-shift (lag) and an attenuation of the fundamental component of the signal at the output. The distortion is not present at lower amplitude or lower frequency [3] .
ANALYSIS OF SLEW INDUCED DISTORTION
A previously used method for analyzing the effect of slew rate was a non-linear system modeling technique based on a describing function method. A similar technique based on Fourier analysis was also applied to develop a non-linear macro model of the OA.
If an OA is operating in the range of the SID, then its modeling using a Volterra series is quite difficult if exact methods are utilized. Thus, a distortion generator method is used here. This method provides a sufficient accuracy of estimation for small non-linear distortions.
PREM MITAL AND UMESH KUMAR
The Volterra model for a non-linear system could be represented by the model shown:
The non-linear system is decomposed to a linear system and a finite number of homogeneous non-linear 
Hi( o) M( o) -j0(to)
This form is especially convenient for estimating the gain and phase errors of SC integrators and for evaluating the effects of these errors on the overall filter transfer function.
The effect on integrator and biquads have been studied [8] .
INTEGRATORS: Assuming that the OA has a finite dc gain Ao, it can be shown for the inverting integrator circuit that M(w) -1/Ao (1 + (C/2C)) and 0(w) (C/C/2 Ao tan (wT/2)). For calculating the finite bandwidth effect in integrators, all the feeding capacitors (if they are more than one) should be summed to obtain an effective value of C. The IAM matrix will be of size 12 x 12, since there are 6 nodes in the circuit, and each node can be considered separately during even and odd phases. But node 5 is grounded, so it can be discarded. During even phase, a 1 and p z , so two more columns and rows can be eliminated. Further, during odd phase, a is disconnected and 1 and 2 are grounded. Thus, the resulting matrix is
where Ci -Z -1/2 Ci, 1, 2. YF can be manipulated to obtain the transfer function V/V A12/A11, where Aij is the cofactor of YF corresponding to the ith row and jth column. On calculating the cofactor, one obtains.
The finite gain-bandwidth products of OAs offset the frequency response of finite gain amplifiers (FGA), and consequently, of the circuits that use them. For example, the realized pole Q-factor (Qpk) and pole frequency (%k) of an active RCfilter may deviate drastically from the designed values; sometimes even leading to instability. In oscillators, the actual frequency of oscillation can be widely different from the desired one. Thus, in order to avoid the undesirable effect of the GBs, the application of these filters and oscillators is restricted to low frequencies, typically of the order of a few KHz only. One way to minimize this problem is to provide passive or active compensation in the circuits that use these FGA's.
There are several well known passive compensation techniques that make use of additional passive components to introduce a controlled amount of phase lead that cancels the excess phase lag due to the amplifiers limited bandwidth. The main difficulty with passive compensation is that the additional compensating elements must be individually tailored to the given OA and adjusted at specific ambient conditions of temperature and power supply voltage.
With the introduction of low-cost dual and quad OAs having closely matched characteristics that track with changes in temperature and voltage, it becomes feasible to consider an active compensation method whereby OA in a circuit provides compensation for other OA in the same circuit. 
OP AMP INTEGRATORS WITH REDUCED EFFECT OF GB
Then, V2(t) V2(t T) + C,/C2 (t T/2). 
